Abstract-Bias voltages are typically required for the operation of many capacitive microelectromechanical systems (MEMS) devices. A stored charge can be used in place of a bias voltage supply, granting benefits in terms of power consumption and circuit area. However, charges stored on a device typically tend to leak out over time to the environment, and in this paper, the charge storage capability of resonators fabricated in the epi-seal encapsulation platform is evaluated. Charges were introduced on the resonators using a mechanical switch located within the epi-seal cavity, and no leakage was observed over a year at room temperature. At higher temperatures, the leakage follows an Arrhenius relationship with an activation energy of 1.87 eV, with the leakage pathway believed to be through the buried silicon dioxide support. A 3-dB drop in the resonant peak requires a leakage time of approximately two days at 350°C, indicating extreme charge trapping capabilities at lower temperatures are possible within the epi-seal platform.
Stable Encapsulated Charge-Biased Resonators I. INTRODUCTION C APACITIVELY transduced MEMS devices typically require a dc bias voltage for operation, with a large voltage generally desired to boost transduction [1] . For resonators, a key parameter is the motional impedance, which for capacitive actuation perpendicular to the surface is inversely proportional to the square of the bias voltage: Z m ∝ 1/V 2 b . A large bias voltage is hence seen to reduce the motional impedance substantially, which in turn can reduce the phase noise and power consumption in oscillators. However, a large bias voltage (tens of volts) can be difficult to achieve practically using standard CMOS charge pump circuitry, with limitations usually centered around the p-n junction breakdown [2] , circuit area, power consumption, and bias voltage stability. Since MEMS resonators do not draw any power from the dc bias voltage supply, it is possible to replace the voltage supply with a stored charge on an electrically floating MEMS resonator. This can be done by first applying a voltage on the resonator, and then disconnecting the voltage supply from the resonator, leaving a bias voltage on the resonator by virtue of the stored charge: V Qb = Q s /C 0 , where Q s is the stored charge, and C 0 is the total capacitance of the resonator to ground (Fig. 1) . Such charge-biasing techniques have been previously demonstrated for resonators [3] , [4] ; however, the difficulty in this implementation is that the stored charge typically leaks out through parasitic leakage resistances R L over time, causing the bias voltage to decay. Fig. 2a shows an epi-seal encapsulated die [5] containing a double-ended tuning fork (DETF) resonator (resonant frequency f 0 ≈ 1.3 MHz, quality factor Q ≈ 10 k) [6] mounted on a printed circuit board. The resonator was initially biased at V b = 15 V, and the wire bond electrically connecting the bias voltage supply to the resonator was then broken, leaving the resonator electrically floating. Frequency sweeps reveal that the resonant peak decays over several hours (Fig. 2b) -the resonant peak is used here as an indicator of the charge on the resonator, and plotting this over time shows a loss of charge. This leakage is through pathways that exist on the surface of the encapsulation (e.g. from the bond pad), with the leakage rate seen to be dependent on environmental factors such as temperature and humidity [7] . If the bias voltage is disconnected by unplugging the cable to the PCB, the leakage was observed to be much faster, believed to be due to the much larger exposed surfaces involved. The reduction in the charge-bias voltage increases the resonant frequency by the electrostatic spring softening effect, and more importantly, causes an increased motional impedance, rendering a leaky charge-biased resonator impractical. Yet, there are several successful implementations of long-term charge storage today. For flash memory, charges can be reliably stored on floating gates or charge trapping layers for many years under typical room conditions. Excellent long-term charge trapping capabilities have also been demonstrated for capacitive micromachined ultrasonic transducers (CMUTs) [8] , [9] . The charge trapping domains in these devices are typically entirely surrounded by a dielectric such as silicon dioxide that provides a large barrier height to prevent charge transport. To introduce charge, Fowler-Nordheim tunneling or hot carrier injection are typically employed to overcome the dielectric barrier. For MEMS resonators, however, the presence of a dielectric between the actuation surfaces can possibly cause resonator instability. Charges can be trapped at the interface or in the dielectric, resulting in significant frequency drift over time [10] , [11] .
The bare silicon actuation surfaces (free from native oxide) achieved in the epi-seal process are seen to be ideal for resonator stability [12] , but these are also bare surfaces (without dielectric barriers) that could potentially allow charges to leak off the resonator to the surrounding gas, and the ability of the gas in the epi-seal cavity environment to impede charge conduction becomes of utmost importance. Previous hermeticity studies have demonstrated that only inert gases such as hydrogen and helium are able to diffuse through the epi-seal encapsulation (and even so, only at high temperatures) [13] . This hermeticity is a necessary prerequisite for charge biasing, as gas molecules such as water vapor have been seen to cause severe charge leakage [7] . Another challenge for charge biasing MEMS is that charge introduction via tunneling or injection onto the electrically floating device also becomes difficult because of the thick, sacrificial silicon oxide layer (∼2 μm) typically used to define the physical clearance around the MEMS device.
This work extends the preliminary results in [1] that demonstrate a method of charge introduction onto an electrically floating MEMS device within the epi-seal cavity using mechanical switches located within the encapsulation, such that the MEMS device is electrically well isolated when the switch is disconnected, with no exposure to the external environment (Fig. 3a) . The device anchor is physically supported on a thick (2 μm) buried silicon oxide layer, inside the epi-seal cavity environment. The long-term and high temperature stabilities of such charge-biased MEMS devices pertain to the quality of the epi-seal encapsulation process, and are evaluated in this work.
II. DEVICE FABRICATION
The devices in this work were fabricated in the epitaxial polysilicon encapsulation (epi-seal) process developed by Stanford and Bosch, and have been detailed previously [5] , [14] . In short, the process begins with a siliconon-insulator (SOI) wafer consisting of a 40 μm device layer and a 2 μm buried oxide layer thermally wet-grown on the handle wafer. Trenches 0.7 to 1.5 μm wide that define the resonator are etched in the device layer, and a 2 μm layer of oxide is deposited over to bridge the trenches. Epitaxial polysilicon (6 μm) is deposited over the oxide to form a first cap, then vent holes are patterned and the oxide around the device is released with vapor HF. The cavity is sealed by depositing a thick (∼20 μm) layer of epitaxial polysilicon over the vents. This seal in a clean, high temperature hydrogen environment has been demonstrated to be key to the frequency stability of the resonators [15] and in this work is evaluated for its ability to retain charges on the device. Electrical isolation and contacts through the encapsulation are formed, completing the process. A cross-section SEM of the final device is shown in Fig. 3b .
III. MECHANICAL SWITCHING
Mechanical contact within the epi-seal process has been investigated for several applications, such as pull-in electrodes for narrow gap MEMS actuation [16] , electrical switches [17] , and stiction-free inertial sensors [18] . These tests have revealed that for encapsulated silicon switches, cold switching (where the contacting surfaces are at the same voltage while coming into or out of contact) rather than hot switching is strongly preferred for reliable performance, with over 10 5 cold-switch cycles successfully demonstrated. Hence, mechanical cold switching is used for the purpose of introducing charge onto an electrically floating MEMS resonator. The switch designs used in this work for charging the resonator are illustrated in Fig. 4a , where cantilever as well as clamped-clamped beams have been successfully demonstrated, though other switch designs such as curved beams [17] are believed to work similarly well. An SEM image of a DETF resonator with a charging mechanism at the anchor is shown in Fig. 5 . These switches consist of two electrical terminals: 1) the beam, which is used for the application of the desired voltage on the resonator, and 2) the gate, which is used to control the contact between the beam and the resonator anchor. In order to first characterize these switches, voltage sweeps on similar devices with an additional terminal on the resonator anchor are used (instead of electrically floating resonator anchors). Ramping up the gate voltage and monitoring for contact between the beam and the resonator anchor (by allowing a small sub-nA current) demonstrate typical pull-in/pull-out hysteresis curves. The pull-in voltage V P I is seen to remain very stable through thousands of cycles, but the pull-out voltage V P O tends to vary slightly after several cycles, as seen in Fig. 4b and in line with the results reported in [17] and [18] . Typical contact resistances are in the range of several tens of k , similar to that reported in [17] . Stiffer switch designs with high pull-in voltages are typically preferable as these are less susceptible to process stiction and undesired pull-in (such as due to mechanical shocks), and also allow for higher chargebias voltages to be applied on the resonator. For cold switching, the charge is applied to the resonator by controlling the voltages on the beam and gate terminals as shown in Fig. 6 , for the 270 × 3 μm beam. First, assuming there is no charge present on the as-fabricated electrically floating resonator body, the beam and the gate are both initially set to the ground potential, with the field region surrounding the resonator also at ground (Step 1). A negative voltage is applied on the gate, to pull the beam into contact with the resonator anchor (Step 2). As the electrically floating resonator anchor has no charge on it (equivalent to being at ground), the voltage difference between the beam (at ground also) and the resonator anchor is therefore minimized before contact (i.e. cold switching), which has been noted to reduce switch damage [17] . When the beam-gate voltage difference is greater than the pull-in voltage, the beam pulls into contact with the resonator anchor. (Here, V P I ≈ 63 V and since the beam is held at ground, −70 V is applied to the gate for pull in.) Next, since the beam is in contact with the resonator, the resonator can be charged up by increasing the beam voltage (Step 3). During the charging process, the gate voltage is varied accordingly to maintain an approximately constant beam-gate voltage difference, as a lower beam-gate voltage could cause the beam to pull out, while a higher beam-gate voltage could cause the beam to contact the gate. Once the desired beam voltage has been reached (here, the beam and resonator are at +30 V, while the gate is at −40 V), the gate voltage is altered such that the beam-gate voltage difference is now less than the pull-out voltage (Step 4). This causes the beam to pull out from the resonator anchor, breaking the electrical contact to the resonator, and leaving the resonator electrically floating. Finally, the gate and the beam can both be grounded (Step 5), with the charged resonator now electrically isolated in the epi-seal cavity.
If a charge is already present on the resonator (as when the resonator is to be reprogrammed with a different bias voltage), cold switching can still be effected by changing the initial beam voltage to match the previously programmed value in Step 1. This programmed value can either be recalled from memory, or can be estimated from the resonator's motional impedance. The gate voltage can then be varied accordingly to pull in the beam and charge up the resonator (Fig. 7) , following the principles laid out above.
IV. RESULTS

A. Charge Programming
First, we demonstrate that the charge on the resonator can be programmed and reprogrammed. A DETF resonator was first charged up to a charge-bias voltage of +10 V, and frequency sweeps were taken using an Agilent 4395A network analyzer and an amplifier connected to the output of the resonator. The amplification factor is measured separately and only the resonator characteristics are plotted. The frequency response is seen to be stable over ∼19 hours (Fig. 8) -the resonant peak is expected to decay over time if any charge leakage is present, as in Fig. 2 , or else no change is expected. The charge on the resonator was then reprogrammed to +15 V, resulting in an increase in the resonant peak or a decrease in the motional impedance. At this voltage, the charge on the resonator also remained stable with no noticeable change in the resonant peak over a similar duration.
B. Long-Term Stability
To analyze the long-term stability of charge-biased resonators in the epi-seal process, two similar DETF resonators were charged up to a charge-bias voltage of +15 V. Frequency sweeps were performed periodically at room conditions over a course of over a year, and the resonators were stored at room conditions between the periodic testing. The peak transmission values are plotted over time in Fig. 9 , with no significant change in the peak observed throughout the testing duration, indicating that the epi-seal encapsulation has excellent charge trapping capability at room conditions. 
C. High Temperature Leakage
Since resonators typically need to be able to operate across a range of temperatures, it is necessary to ensure that no charge leakage occurs at the highest operating temperature. A DETF resonator was thus mounted on a package/PCB and placed in a Thermotron S-1.2C temperature chamber at 125°C. Frequency sweeps over the course of 12 days (Fig. 10) at this temperature again indicate no significant charge leakage.
In an effort to investigate the stability limits of epi-seal charge trapping at extreme conditions, length extensional (LE) bulk-mode resonators were used (Fig. 11) . These length extensional resonators are similar to those reported in [19] and [20] , except perforated with 8×1.2 μm release-etch holes at a pitch of 14.4 × 8.2 μm, and are supported by clamped-clamped beams of dimensions 77 × 6 μm. These LE resonators have higher quality factors than the DETF resonators, and also allow for testing the stability of higher bias voltages without driving the resonator into the nonlinear regime. In addition, they are less susceptible than DETF resonators to effects that could obscure the charge leakage measurement, such as changes in gas damping that could possibly result from the imperfect hermetic encapsulation at higher temperatures [13] , or stress relaxation at higher temperatures.
Two LE resonators on separate dies were charged up to a charge-bias voltage of +30V, and frequency sweeps were measured on a probe station at room conditions. These two dies were then baked on a temperature-controlled hotplate at successively higher temperature steps for 3 hours each, starting at 150°C with increments of 50°C. After each baking step, the dies were brought back to room conditions on the Length extensional resonators baked at increasing temperature steps for 3 hours each demonstrate no observable leakage until 400°C. These resonators can be recharged even after leakage.
probe station and frequency sweeps were taken. This was repeated until the charge on the resonator leaked out. The peak transmission after each temperature step is plotted in Fig. 12 , for the two resonators (Res A and Res B). It is seen that peaks start to show some decrease after the 400°C step, indicating some charge leakage, and after the 450°C step, the charge on the resonator is entirely depleted, with no resonant peaks detected. However, even after leakage, the resonators can be recharged by performing the same charging procedure, bringing the resonant peak back up to similar levels as before. The quality factors and frequency changes are also shown after each temperature step, and essentially remain stable, with the residual variation believed to be due to room temperature variation.
To further explore the mechanism for charge leakage at high temperatures, an LE resonator was charged up and baked at different temperatures from 350 to 450°C for varying amounts of time until some charge leakage was detected (Fig. 13) . From these peak transmission versus time plots, the leakage resistance R L can be estimated as a function of temperature T by noting that
where we have assumed that Z m 50 (input impedance), V Qb V ac , a parallel RC leakage circuit, with t being the leakage time. The slope of the peak transmission in dB vs. time hence becomes − 40 log 10 
, and a linear least squares fit of the data can be used to extract R L at each temperature point. Since the resonator is electrically floating, direct measurements of the resonator's capacitance to ground C 0 is difficult, and thus the resonator geometry (Fig. 14) was used to estimate the capacitance (C 0 ≈ 2.3 pF) . The leakage is seen to follow at temperatures of 450°C, 400°C, and 350°C respectively. Assuming for now that the leakage is across the buried oxide layer to the grounded handle wafer, the dc conductivity σ can be extracted for the geometry of the supporting oxide (area: 6000 μm 2 , thickness 2 μm), and fitted to an Arrhenius equation σ = σ 0 e −E a / kT (Fig. 15) . The uncertainty of the measured values is dominated by the temperature variation of the hotplate (±10°C). The conductivity values with an activation energy E a at 1.87 eV is seen to be in close agreement with literature values of the bulk conduction of silicon oxide [21] , and thus the main leakage pathway is believed to be through the buried oxide (grown on a boron-doped 10-20 m · cm handle silicon wafer). One difference is that the dc conductivity in [21] reaches a minimum constant value of ∼10 16 ( · cm) −1 for temperatures under 450°C, whereas much lower values are obtained in this work for these temperatures. It is believed that the measurements in [21] may be limited by other effects, for the lower conductivity observed here is corroborated by the Fig. 15 .
Conductivity of silicon dioxide as measured at 350 to 450°C, extracted from the LE resonators. These are compared to literature data in [21] for silicon dioxide grown on variously doped silicon. Upper conductivity bounds at lower temperatures for silicon dioxide are also shown, as derived from the leakage-free DETF measurements.
long-term DETF measurements in Figs. 8 and 9 -the upper bounds for the conductivity from DETF data at temperatures of 125°C and 25°C are also plotted in Fig. 13 . Since no charge leakage was observed for these long-term measurements, upper bounds for the conductivity were similarly calculated based on the noise of the measured peak (in Figs. 8 and 9 ) and the geometry of the DETF (C 0 = 0.82 pF, supporting oxide area: 9500 μm 2 , thickness: 2 μm). Given the yearlong stability, the bulk oxide conductivity was calculated be <10 21 ( · cm) −1 at 25°C. If the Arrhenius line from the LE resonators is extrapolated further, a leakage time (for a −3 dB drop in the frequency response peak) of ∼10 6 years at 125°C, or ∼10 14 years at 25°C, is expected for the LE resonators. However, this extrapolation is simply a lower bound that is due to the bulk conductivity of oxide and does not preclude the possibility of other leakage pathways (such as through the oxide surface or the residual gas in the epi-seal cavity) that may become significant at lower temperature. However, no other leakage pathways were detected for experiments within the temperature and time range tested here. It may also be important to note that the oxide conductivity is known to be also dependent on the applied electric field, especially when for strong electric fields [22] . For the relatively low electric fields of up to 15 V/μm across the oxide in this work, the linear slopes in Fig. 13 show that the leakage rate is approximately constant even with a decrease in the electric field -indicating that no electric field dependent effects were observed for this range of electric fields.
D. Feedthrough Differences
In terms of the capacitive feedthrough characteristics of the device, there are notable differences between voltage and charge biasing. For voltage biasing, the resonator is held at a fixed dc voltage and acts as a shield for ac signals, reducing the feedthrough from the input to output ports. For charge biasing, Voltage biasing for DETF and LE resonators gives capacitive feedthrough floors that are about 10 dB lower than charge biasing. Different amplifiers were used for the DETF and LE resonators resulting in different noise levels in the feedthrough floor.
since the resonator is not controlled at a fixed dc voltage, ac signals can transmit through the resonator from the input to the output terminals, to a certain extent. Comparing the two biasing schemes, the impact of this feedthrough pathway is dependent on several factors, such as the existing capacitive feedthrough pathways (for example, an inadequately well grounded substrate, or fringe field capacitances), the resonator's capacitance to ground, and contact via resistance. This feedthrough signal is seen to add in parallel to the main resonator response. For the DETF and LE resonators tested in this work, frequency sweeps reveal that the feedthrough floor was seen to increase by about 10 dB when switching from voltage biasing to charge biasing schemes by disconnecting the bias voltage on the same resonator (Fig. 16) . It should thus be noted that, depending on resonator design and application, charge biasing could possibly impact device performance.
V. CONCLUSION
Encapsulated epi-seal charge-biased capacitive resonators are demonstrated in this work using mechanical switches within the encapsulation to introduce charge. A cold-switching procedure is demonstrated and can be used to program or reprogram the charge on a resonator. Excellent charge stability is demonstrated over a year without any observable leakage at room temperature. At higher temperatures, charge leakage is believed to be due to conduction through the buried silicon dioxide support, and follows an Arrhenius relationship with an activation energy of 1.87 eV. A 3 dB drop in the resonant peak requires a leakage time of approximately 2 days at 350°C, indicating that charge trapping capabilities at room temperature on the order of trillions of years may be possible.
In addition to the implications for development of chargebiased MEMS devices, the extraordinary permanence of the charge placed on these electrodes in this device helps explain the impressive long-term stability of ordinary resonators built in the epi-seal encapsulation process. The extreme cleanliness of the surfaces in this environment and the purity of the residual gas trapped within it, both of which are necessities for the results in this paper, are also extremely beneficial for the stability of resonators. This cleanliness and purity of the trapped gas cannot be achieved in any modest-temperature wafer-bonding process -even with meticulous cleaning process and highlyoptimized getters, traces of unwanted contamination would be present, and the vapor pressure of unwanted vapor species would be non-zero. Therefore it is believed that this encapsulation process provides the best approach to the fabrication of MEMS devices where long-term stability is important.
